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ABSTRACT 

LABORATORY EXPERIMENTS ON REVERTED 

RUBBER FRICTION 

Laboratory  experiments were ca r r i ed   ou t  t o  explain  the 

mechanism of  "reverted  rubbert1  skidding  as has been  observed on 

a i r c r a f t   t i r e s .   I t  \*!as determined  that   surface  heat   generat ion i s  

the  cause of th i s   rubber   degrada t ion ,  and that   such  "reverted 

rubber"  exhibits  remarkably low E r i c t i o n   c o e f f i c i e n t s  on  wet surfaces ,  

a t  a l l  speeds, compared to   unreverted  rubber  on dry   sur faces .  The 

process  of  "reverted  rubber" s l i d i n g  can  take  place  at   ambient tem- 

pe ra tu res ,  and i s  not  dependent on the  simultaneous  Presence of heat .  

I t  i s  bel ieved to be  caused by  a t h in   wa te r   f i lm   be tween   t he   so f t  

"reverted"  rubber and t h e  rigid roadway. 
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I. INTRODUCTION 

Since  about 1950 it has   been   rea l ized   tha t  a s i g n i f i c a n t  number o f   a i r c r a f t  

landing  accidents   can be a t t r i b u t e d   t o  loss of   braking or f r i c t i o n a l   c a p a b i l i t y  

a f t e r  making contac t  w i t h  t h e  runway. A concer ted   research   e f for t   has   been  

underway f o r  some y e a r s t o   e x p l a i n   t h e  mechanisms involved   in   these   cases   o f  

i 
loss of   braking.  Some o f   t h e  phenomena which  have  been  identified  are:  

(a  ) Tire  hydroplaning 

(b)   Viscous  hydroplaning 

( c )  "Reverted  rubber"  skid 

While t h e  f irst  two effects   have  been  s tudied  extensively,   and  are   qui te  well 

understood,  the  "reverted  rubber"  skid  has  been  the  object  of  considerable 

s p e c u l a t i o n   b u t   l i t t l e   a c t u a l   e x p e r i m e n t .  This repor t   represents  a cont r ibu t ion  

to   the   unders tanding   of   the   " rever ted   rubber"   p roblem  by  means of   se lec ted  

l a b o r a t o r y   t e s t s ,  which  allow  environmental  conditions t o   b e   c l o s e l y   c o n t r o l l e d .  
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11. SUMMARY 

A sequence of control led  laboratory  experiments  was c a r r i e d o u t w i t h  a 

view t o   e x p l a i n i n g   t h e  mechanism of  "reverted  rubber"  skidding,  as  observed on 

some a i r c r a f t   t i r e s .  The p r i m a r y   r e s u l t s   a r e   l i s t e d  below: 

( a )  The d e g r a d a t i o n   o f   a n   a i r c r a f t   t i r e   t r e a d   s u r f a c e   t o  a s o f t   s t i c k y  

rubbe r ,   a s  commonly observed on t i r e s  which have  been  in   ' ' rever ted  rubber"   skid,  

i s  caused  by  high  surface  temperature,   of  the  order  of 400°F t o  600'F. 

( b )  Once rubber  has become " rever ted"   by   the   p resence  of  heat ,   an  extremely 

low f r i c t i o n   c o e f f i c i e n t  i s  observed on almost  any  smooth  wetted  surface. 

( c )  The low f r i c t i o n   c o e f f i c i e n t   o f   r e v e r t e d   r u b b e r   c a n   e x i s t   a t  room 

temperature   with c o o l  water .  

(d)   There  i s  abso lu te ly  no ev idence   o f   s team  in   the   contac t   a rea   o f  a 

' ' reverted  rubber"  specimen  exhibit ing  very low f r i c t i o n   c o e f f i c i e n t ,   s i n c e   t h i s  

process   can   take   p lace   a t  room temperature .  

( e )  The presence o f  low f r i c t i o n   c o e f f i c i e n t s  i s  n s t  s t rong ly   i n f luenced  

by most o ther   opera t ing   var iab les   such   as  ve1ocj.t.y cf s l i d i n g ,   c o n t a c t   p r e s s u r e  

o r   l i q u i d   v i s c o s i t y .  

( f )  Low f r i c t i o n   c o e f f i c i e n t s  can e x i s t  ?own t o  very low s l i d i n g   s p e e d s ,  

s ay  5 or  10 kno t s .  

( g )  All of   the   g rades  o f  rubbe r   t e s t ed   he re  showed c lear   revers ion   tend-  

e n c i e s   a t   t h e   t e m p e r a t u r e s   p r e v i o u s l y   l i s t e d .  However, na tu ra l   rubbe r  seems 

t o   b e  most p r e c i p i t o u s l y   a f f e c t e d .  
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(h)  The presence  of low f r i c t i o n   c o e f f i c i e n t s  i s  seen most  markedly on 

smooth  wet su r faces .  However, it i s  s t rongly   suspec ted   tha t   such  low f r i c t i o n  

r equ i r e s  an  i n c r e a s i n g l y   t h i c k  film of   "revertedt t   rubber   as   the  surfact   rough-  

ness   increases ,   and  that   such a f i lm  of  rubber on a i r c r a f t   t i r e s  would allow 

low f r i c t i o n   v a l u e s  on normal  runway su r faces .  

3 



111. MECHANICS OF THE REVERTED 

RUBBER SKID 

In   r ecen t   yea r s   a i r c ra f t   sk idd ing   acc iden t s   have   t aken   p l ace   unde r   cond i -  

t i ons   t hough t   t o   be   imposs ib l e   fo r   conven t iona l   t i r e   hydrop lan ing .  These  skid- 

ding  accidents   occurred on smooth, wet or puddled  runways  and  were  accompanied 

by a loss   of   braking down t o  speeds  of 5-8 k n o t s .   A f t e r w a r d   t h e   t i r e s   o f   t h e  

a i r c r a f t   e x h i b i t e d  a cha rac t e r i s t i c   pa t ch   o f   s t i cky ,   so f t   rubbe r  on t h e   t r e a d .  

This  patch o f  rubber was cal led  "reverted"  rubber   because it appeared t o  have 

been  rever ted  back  to  i t s  unvulcanized,  uncured  state.   Because  the l o s s  of 

b rak ing   f r i c t ion   occu r red  down t o   s p e e d s   w e l l  below  t,hose  thought t o  be minimum 

f o r   t i r e   h y d r o p l a n i n g ,   t h i s  loss 0-P f r i c t i o n  was be l ieved   to   be   connec ted   wi th  

t h e   p a t c h  or patches of "reverted"  rubber .   White   s t reaks  of   c lean runway u s u a l l y  

r e s u l t e d  from these   " r eve r t ed"   rubbe r   a i r c ra f t   sk ids .  

Later  on rubber   chemis ts   po in ted   ou t   tha t  s:3ft s t icky  rubber  may b e   t h e  

r e s u l t  o f   excess ive   hea t .   Along  th i s   l ine ,   Ober topl   has   sugges ted   tha t  low 

f r i c t ion   deve loped   i n  wet  skids may be t h e   r e s u l t  o f  steam  developed  in  the t i r e  

foo tp r in t .   App ly ing   t h i s   t heo ry  t o  r e v e r t d  rubbe r   sk ids ,   Home   e t   a l . ,  

t h e o r i z e d   t h a t   t h e   s o f t   s t i c k y   r u b b e r   c o u l d  form a seal  around  the  edge  of  the 

2 

contact  patch  which would contain  high  pressure  super-heated  steam  under  the 

contact  patch.   This  steam  pressure wou1.d tend t o  l i f t   t h e   t i r e  away from t h e  

pavement surface,   and  thus  reduce  t ract ion x w e t  su r f aces .  The whi te   s t reaks  

would be  c lean pavement c leared  o f  contarniriant-s b). high pressure  super-heated 

steam. A preliminary  examinaticn  by Borne " e t   a l . ,   i n  Fief. 2 l ed  them t o   s t a t e  
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t h i s   t h e o r y ,  "Thus t h e s e   i n i t i a l   r e s u l t s   b a s e d  on l i m i t e d   d a t a   i n d i c a t e   t h a t  

rever ted  rubber  may form  and   poss ib ly   p rovide   be t te r   sea l ing   a round  the   per iphery  

of   the   foo tpr in t   than   normal   rubber ,   thus   a l lowing  a v e r y   t h i n  f i l m  o f   w a t e r   t o  

be t r apped   i n   t he   foo tp r in t ,   hea t ed   up ,   and   t o   poss ib ly   change   s t a t e   i n to   s t eam 

as  predicted  by  Obertop. 

While the   s team  theory   p rovides   one   poss ib le   explana t ion   for   the   sk idding  

accidents  which  have  been  observed, it i s  a l s o   p o s s i b l e   t h a t   l i q u i d  films of 

var ious  types  could  form  in  a p a r t i c u l a r l y   t e n a c i o u s  way wi th   rever ted . rubber ,  

in   such  a f a s h i o n   a s   t o   g i v e  a s l i d e r   b e a r i n g   e f f e c t .  The sequence  of  events 

l ead ing   t o   a i r c ra f t   sk idd ing   cou ld   beg in   w i th  a momentary locking  of   brakes,  

which  could  cause a sudden  surface  temperature r i se  i n   t h e   s l i d i n g   c o n t a c t  

pa tch .  The rubbe r   i n   t he   con tac t   pa t ch   cou ld  become "reverted,"  or s o f t  and 

s t i c k y ,   d u e   t o   t h e   h e a t .   F o l l o w i n g   t h i s ,   t h e   t i r e   c o u l d   t h e n   s l i d e   o v e r   w e t t e d  

sur faces   wi th   very  low f r i c t i o n   c o e f f i c i e n t   p r o v i d e d   t h a t   l i q u i d  film pressures  

were s u f f i c i e n t   t o   d i s t o r t   t h e  now s o f t  and   s t icky   t read   rubber  ir, t h e  neighbor- 

hood o f   a s p e r i t y   t i p s ,  so  t h a t  no a spe r i t i e s   ac tua l ly   b roke   t h rough   t he   l i qu id  

. fi lm t o  make d i r ec t   con tac t   w i th   t he   rubbe r .  Such a process  would be a s l i d e r  

bear ing   type  o f  motion,  where now t h e   s l i d e r  i s  f l e x i b l e  and  conforming. 

These  two theo r i e s   r ep resen t   fundamen ta l ly   d i f f e ren t  ways o f   l ook ing   a t  

t h e  mechanics of rever ted   rubber   sk id .  All of   the  laboratory  evidence accumu- 

l a t e d  s o  f a r  seems t o   f a v o r   t h e   s e c o n d   t h e o r y ,   t h a t   o f   t h e   f l e x i b l e   s l i d e r   b e a r -  

ing,   a l though on t h e   b a s i s  of  t he   l imi t ed  data 8vai l .able:we  cannot   rule   out   the  

presence  of   heat  and steam i n   a i r c r a f t   o p e r a t i n g   a c c i d e n t s .  
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IV . EXPERIMENTAL  RESULTS 

A .  GENERAL SUMMARY OF EXPERIMENTS 

Early  laboratory  experiments   concentrated on a t t empt ing   t o   cause   r eve r s ion  

i n  t e s t  samples of rubber   by   s l id ing  them a t   h i g h   v e l o c i t i e s   o v e r   r e l a t i v e l y  

rough  sur faces ,   such   as   f ine  emery c l o t h  or conc re t e .   These   e f fo r t s   were   a l l  

qu i te   unsuccessfu l ,   a l though a number of   d i f fe ren t   a t tempts   were  made. 

The f irst  pos i t ive   in format ion  came  when an i n f l a t e d   n a t u r a l   r u b b e r   t u b e  

specimen was bent  around a c i r c u l a r   h o l d e r   t o  form a shape   rough ly   s imi l a r   t o  a 

torus, a s  shown i n   F i g u r e  1. 

Figure 1. Tubing  used  as a model o f  a t i r e .  

This specimen was then   pressed   aga ins t  a r o t a t i n g   d i s c ,   s i m i l a r   t o  a record  

p layer ,  so t h a t   s l i d i n g   v e l o c i t i e s   o f   t h e   o r d e r  of 20-50 mph were  obtained. 

While   rubber   revers ion  could  not   be  obtained  by  s l iding,  it was observed   tha t  

6 
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h e a t i n g   t h e   t u b i n g   w i t h  a Bunsen burner  produced a so f t ,   s t i cky   rubbe r   su r f ace  

s i m i l a r   t o   t h a t   o b s e r v e d   i n   " r e v e r t e d   r u b b e r "   s k i d d i n g   a c c i d e n t s .  After cool- 

i ng ,   t he   t r ea t ed   t ub ing  was tested on smooth wet su r face .  The f r i c t i o n   v a l u e s  

obtained were extremely low  compared t o   v a l u e s  f o r  u n t r e a t e d   t u b i n g   t e s t e d  

under   the same c o n d i t i o n s .   T h i s   l a r g e   f r i c t i o n   d i f f e r e n c e  between  untreated 

and  t reated  tubing  occurred on wet  surfaces  of  smooth  concrete, aluminum  and 

epoxy-coated  aluminum.  While the   t ub ing   expe r imen t s   a r e   va luab le ,   t he   i n f l a t ion  

pressures  , and  hence   contac t   p ressures ,   a re   qu i te   l imi ted   by   the   l ack   of   s t rength  

and s t i f fnes s   o f   t he   t ub ing .   Re in fo rced   t ub ing  of t h i s   t y p e  was no t   r ead i ly  

a v a i l a b l e ,  and it was dec ided   t o   u se   o the r  specimen  geometries  having more de- 

s i g n   f l e x i b i l i t y .  

I n  an   a t t empt   t o   s imu la t e   t he   h igh   con tac t   p re s su res  which e x i s t  between 

t h e  t i r e  t r ead   and   t he  runway, it was dec ided   to   use   smal l   so l id   rubber   spec i -  

mens c u t   f r o m   t y p i c a l   a i r c r a f t   t i r e   t r e a d s .  These  small  rubber  specimens  were 

bonded t o  a l a r g e r   s t e e l  mounting p l a t e ,   a s  shown in   F igu re  2 ,  which  could i n  

tu rn   be   heavi ly   loaded .   Pr ior   to   t es t ing ,   the   rubber   spec imens   were   hea ted  by 

contac t   wi th  a hot  metal   block  of known tempera ture .   Af te r   cool ing ,   the   spec i -  

mens were  run on a r o t a t i n g ,  wet  anodized aluminum surface.   Temperature  t .reat-  

ments  of 500°F t o  600°F again  gave  extremely low f r i c t i o n   v a l u e s  when compared 

t o   u n t r e a t e d   r u b b e r   f r i c t i o n   v a l u e s   f o r   t h e  same t e s t   c o n d i t i o n s .   S i n c e   t h i s  

tempera ture   t rea tment   a lone   gave   the   sur face   the   charac te r i s t ics  of rever ted  

rubber   a lone  with low f r i c t i o n   v a l u e s ,   r u b b e r   t r e a t e d   i n   t h i s  way  was given 

ex tens ive   t es t ing   wi th   vary ing   parameters   o f   p ressure ,   ve loc i ty ,   lubr icant   v i s -  

cosity,   temperature  treatment  and  sample  geometry.  The d e t a i l s   o f   s u c h   t e s t i n g ,  

7 



Detail of Sample  Holders  and  Typical  Samples 

1/4 x V 4 x  118 Sample 
Area = .0625in? 
GLUED  TO HOLDER  WITH 
EASTMAN 910 CEMENT 
AND MILLED WHILE FROZEN 

Sample  Holder 
I "x l/Z"x V8"Steel 
TWO  HOLES DRILLED 
AND C-SUNK FOR 
6-32 FLAT HD  SCREWS 
ON c, 3/4"SPACING 
SAMPLE  HOLDER  FOR 

9/32" Dia. x V8" Sample 
Area = .0621 in? 
CUT  FROM 1/8" SHEET 
USING CORK CUTTER 
AND  GLUED IN PLACE 
WITH EASTMAN 910 
CEMENT 

ROUND SAMPLE  HAS 
RECESS 9/32"Dx 1/64" 
DEEP MILLED IN FACE 
TO  ACCEPT  SAMPLE 

Figure 2. Specimen conf igura t ion  for c u t  or machined  rubber  surfaces.  
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and the r e s u l t s ,   a r e   p r e s e n t e d   i n   t h e   f o l l o w i n g   s e c t i o n s .  

B. TEST APPARATUS 

The 1 a . b o r a t o r y   a p p a r a t u s   u s e d   i n   t h e   f r i c t i o n   t e s t i n g   c o n s i s t e d   o f  a ro- 

t a t i n g   t u r n t a b l e   f a c e d  with t h e   f r i c t i o n   s u r f a c e   a n d  a hinged arm c a r r y i n g   t h e  

rubber  sample.  Figures 3 ,  4, and 5 show t h e  most impor tan t   fea tures   o f   th i s  

device,   whi le   Figure 6 i s  a drawing  of i t .  The v e r t i c a l  sample  holder i s  

mounted  below t h e  nar row  t ransducer   sec t ion ,   where   s t ra in   gages   a re   used  on 

t h e   f o r e  and a f t   s i d e s   o f  a beam t o  measure  bending.  Transducer  output i s  

c o n v e r t e d   d i r e c t l y   i n t o  a drag   force   by  means of   p rev ious   ca l ibra t ion .   Di rec t ly  

above the   t r ansduce r  i s  the  dead  weight  system,  used to   p rovide   normal   load .  

The sample  holder  has a f o r e - a f t   a d j u s t m e n t   t o   i n s u r e   t h a t   t h i s   n o r m a l   l o a d  

ac ts   d i rec t ly   th rough  the   cen ter   o f   the   rubber   sample .  The counterweight a t  

Figure 3 .  Photograph  of t e s t  appara tus .  
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Figure 4. Photograph of  t e s t   a p p a r a t u s .  

Figure 5 .  Photograph o f  t e s t   a p p a r a t u s .  
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Friction Testing Machine - Front  View 
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t h e  end of t h e  arm  can be v a r i e d   t o  effect  a normal   contac t   p ressure   var ia t ion  

of  from 8 t o  400 p s i ,   b a s e d  on t o t a l   f o r c e   a p p l i e d   a n d   u s i n g  a 1/4 i n .   a r e a   o f  

con tac t .  The h inge   i n   F igu re  6 a l lows   t he  arm t o   b e   r a i s e d   f o r   a c c e s s   t o   t h e  

rubber  sample,   while  the limit s top   under   the  arm i s  a s a f e t y   d e v i c e   t o   p r e v e n t  

contac t   be tween  the   s tee l  mount and t h e   t e s t   s u r f a c e .  

2 

The e l e c t r i c  m o t o r   d r i v i n g   t h e   r o t a t i n g   t u r n t a b l e   h a s  a tachometer  feed- 

back  system for   accura te   speed   cont ro l ,   independent   o f   to rque .   This  system 

has a usable  speed  range of 90 t o  1500 rpm, which  corresponds t o  5.3 mph t o  

89.3 mph on a 10 - in .   r ad ius .   In t e rchangeab le   t e s t   d i sc s   r e s t ,   l i ke   r eco rds  , 

on the   ba lanced  aluminum t u r n t a b l e .  The t e s t  d iscs   used   dur ing   these  t es t s  

were  smooth  aluminum  and  rough  and  smooth g l a s s .  The  2024T4 aluminum d i s c  was 

o r ig ina l ly   anod ized ,   a l t hough   t h i s   coa t ing  had worn of f   by   the  end o f   t h e   t e s t -  

ing.  The roughness was 2-5 pin.  rms i n   t h e   d i r e c t i o n   o f   t r a v e l ,  and 30-40 

pin.  rms a c r o s s   t h e   d i r e c t i o n   o f   t r a v e l .  The p l a t e   g l a s s   d i s c   u s e d   a s  a f r i c -  

t i o n   s u r f a c e  was pol i shed  on one s i d e  and  sand-blasted on t h e   o t h e r .  The pol -  

ished  surface  had a roughness  of 0.25 pin .  rms. Under a microscope  the  surface 

appeared  as a very  smooth s u r f a c e   w i t h   s l i g h t  pock  marks. The sand-blasted 

disc   had a roughness  of  l5O-200  pin. rms, with random, very   ragged   asper i t ies .  

A l ub r i can t ,   u sua l ly   wa te r ,  was fed  through a t u b e   t o  an o u t l e t   d i r e c t l y  

i n   f r o n t   o f   t h e   t e s t   s a m p l e .   P r e l i m i n a r y  tes t s  wi th   l ub r i can t   f l ow  r a t e  showed 

no dependence  of f r i c t i o n  on f low  r a t e   w i th in   t he   r ange   o f   t he   appa ra tus ,   a s  

l ong   a s   t he   f l ow  r a t e  was g r e a t  enough t o   i n s u r e  a t h i n   l u b r i c a n t  f i l m  i n   f r o n t  

of  the  sample.  This may have  been  due t o   t h e   f a c t   t h a t   t h e   r o t a t i n g   d i s c   t e n d e d  

t o  throw  excess  lubricant.   Because of the  wide  range  of   acceptable   f low  ra tes ,  
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an  arbi t rary  moderate   f low  ra te   of   approximately 1/16 gal/min was used  during 

a l l  tes ts .  

C .  TEST SAMPLES 

The rubber  t e s t  blocks  used  in   these  experiments  were p repa red   i n   s eve ra l  

ways,  depending  on t h e i r  geometry. The square  rubber   blocks were cu t   wi th  a 

kn i fe   f rom  the   var ious   l a rger   spec imens   in to  1/4 i n .  x 1/4 in .   squares ,   approx-  

imate ly  3 / 3 2  i n .   t h i c k .  These  squares  were  then  mounted on 1 i n .  x 1/2 i n .  x 

1/8 i n .   s t e e l   p l a t e s   w i t h  Eastman 910 contact  cement. The samples  were  frozen 

wi th   l i qu id   n i t rogen   and   t he  t e s t  s u r f a c e   m i l l e d   t o   a c h i e v e  a f a i r l y   f l a t ,  

un i formly   tex tured   sur face .  

The round  samples  were  prepared  in a s l i g h t l y   d i f f e r e n t  way. A 3 / 3 2  i n .  

t h i ck   rubbe r   shee t  was cut   f rom  the molded rubber   blocks and  sanded on t h e   c u t  

s i d e   u n t i l  a f a i r l y   f l a t  and  smooth su r face  was achieved.   Cyl indrical   rubber  

blocks  were  cut   f rom  this   sheet   with a 9 / 3 2  in .   d iameter   cork   cu t te r   and  mounted 

on t h e   s t e e l   p l a t e s ,   s a n d e d   s i d e  down, with Eastman 9lO cement. Thus t h e   t e s t  

surface  of  the  round  samples was t h e   o r i g i n a l   s u r f a c e   o f   t h e  molded rubber 

b lock ,   whi le   the   t es t   sur face   o f   the   square   samples  was a f r e sh ly   mi l l ed  s x -  

f ace .  To check  any  differences  that   might  result   from  these two  methods  of 

p repa ra t ion ,  a round  sample was tes ted ,   then   f rozen   and   mi l led   and   re tes ted .  

The frozen  and  mil led  surface  had a 13% h ighe r   d rag   va lue   t han   t he   o r ig ina l  

su r f ace .  Our conclusions,   however,   are  based  only on comparisons  of  samples 

o f   s imi l a r   geomet ry   and   cons t ruc t ion ,   i n   o rde r   t o   e l imina te   any   d i f f e rences  

due t o  sample  preparation  and  geometry. 

Eight  types of   rubber   were  used  in   these t e s t s ,  w i th   pu re   na tu ra l  and 
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synthe t ic   rubbers   g iven  the most ex tens ive   t es t ing .   Table  I l i s t s  the   rubbe r s ,  

t h e   s o u r c e  of the samples  and their  approximate  composition  where it i s  known. 

TABLE I 

LIST OF RUBBER COMPOSITIONS  TESTED 

Rubber Type Approximate  Composition  S.ourc e 

~107- 1~ lo@ natura  1 rubber  Uniroyal  sample  block 

B108- 1T 10% natura l   rubber   wi th   addi t . ives  t o  Uniroyal  sample  block 
improve  heat   aging  character is t ics   and 
reduce  s tock  revers ion 

B l W - l T  lo@ synthet ic   rubber   (polybutadiene)   Uniroyal   sample  block 

B110- 1T 106 natura l   rubber   wi th   addi t ives   to   Uni roya l   sample   b lock  
reduce  heat  degradations  and  with mod- 
i f i c a t i o n   t o   c u r i n g   c y c l e  

B111- 1 T  Blend of natural   rubber   and  polybuta-  U n i s o y a l  samp1.e block 
diene  

Aircraft  Unknown 

P i r e l l i  Unknown 

A i r c r a f t  t i r e   t r e a d  

Auxomobile t i r e  t r e a d  
( P i  r e l l i  ) 

Michelin Unknown Automobile t i r e  t r e a d  
.- - (Miche1.i.n) 

D .  TEST PROCEDURE 

The prepared  samples  were mounted on the  sample  holder  and  lower?&  cnto 

t h e   t e s t   d i s c .  Each  sample was "zerced"  by  eliminating  th.e  normal  load  bend- 

ing  moment wi th   the   fore-af t   ad jus tment .  The sample was l i f t e d  oEf t h e  d i s c ,  

a zero was recorded   and   the   d i sc  was acce le ra t ed  t c >  : ,esting  speed.  Lubricact 

flow  and  normal  load  were  adjusted t o   d e s i r e d   t e s t   c o n d i t i o n s .  The un t r ea t ed  

samples   were  lowered  gent ly   onto  the  disc .   Drag  readings  were  taken  a t  1/12, 
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1/2, 1, 5 ,  and 10 min a f t e r  touchdown. The sample was t h e n   l i f t e d   o f f   t h e   d i s c  

and a ze ro   r eco rded   t o   check   ze ro   d r i f t .  The arm was r a i s e d   f o r   s a m p l e   t r e a t -  

ment a s  shown in   F igu re  7. For   temperature   t reatment   the aluminum block was 

checked for   cor rec t   t empera ture   wi th   the   pyrometer   and   then   pressed   aga ins t   the  

rubber t e s t  s u r f a c e   f o r  2-10 sec with  approximately 20 p s i   p r e s s u r e .   m e  sam- 

p l e  was allowed t o  c o o l   f o r  3-10 sec while  the arm  was lowered  and the ze ro  

recorded  with  the  sample f ree  of t h e   d i s c .  The t reated  sample was then  lowered 

Figure 7. Photograph  of  sample  being  surface  treated  with a hot   block 



onto the disc and   drag   readings   aga in   t aken   a t  1/12, 1/2, 1, 5 ,  and 10 min 

a f t e r   t o u c h d o m .  Any fu r the r   t r ea tmen t  was done i n  a s i m i l a r  manner.  Pressure 

and   ve loc i ty  tes ts  were run  with  the  sample  in   place  by  varying  the  normal  

load or d i s c   v e l o c i t y   o v e r   t h e   t e s t   r a n g e .  A t  t h i s   p o i n t  it should be em- 

p h a s i z e d   t h a t   a l l   o f   t h e   t e s t i n g   d i s c u s s e d   i n   t h i s   r e p o r t  was done on a lub- 

r i ca t ed   su r f ace ,   and   t ha t  no d r y   f r i c t i o n  tes t s  were  attempted. 

E .  EXPERIMENTAL RESULTS 

Five   types   o f  t es t s  were run   wi th   t empera ture- t rea ted  and unt rea ted   rubber .  

Applied  t reatment   temperature ,   average  contact   pressure,   d isc   veloci ty ,   lubr i -  

c a n t   v i s c o s i t y  and rubber  sample  geometry  were  the  primary  variables.  

Standard  values  of 203 psi, 17.9 mph s l id ing   speed  on 10- in .   rad ius ,   and  

water   lubricat ion  were  used when varying  appl ied  surface  temperature .   Figures  

8-14 show t h e   e f f e c t   o f   a p p l i e d   t e m p e r a t u r e   t r e a t m e n t  on f r i c t i o n   d r a g   f o r  

e ight   kinds of square  rubber  samples on a smooth  aluminum sur face .   F igure  15 

shows t h e  same f r i c t ion   d rop   a t   h igh   t r ea tmen t   t empera tu res   fo r   round   na tu ra l  

rubber  samples on smooth  aluminum  and  smooth g lass .   F igures  16 and 17 show t h e  

e f fec t   o f   t rea tment   t empera ture  on f r i c t i o n   d r a g   f o r  round na tu ra l   and   syn the t i c  

rubber  samples on rough  glass .   Note   that   both  high  and low values  were obta ined  

i n  t h e   l a t e r  t es t s ,  depending  on how t h e  aluminum treatment   block was pressed  

aga ins t   the   sample   sur face .   Press ing   the   t rea tment   b lock   s t ra ight -on ,   wi th  no 

r o t a t i o n  o r  s l i d i n g  of t he   b lock  on t h e   r u b b e r ,   r e s u l t e d   i n   t h e   h i g h e r   v a l u e s  

o f   f r i c t ion .   P re s s ing   t he   t r ea tmen t   b lock   aga ins t   t he   l ead ing   edge   o f   t he  sam- 

p l e ,  o r  p r e s s i n g   t h e   b l o c k   a g a i n s t   t h e  whole su r face   w i th  a t i l t i n g ,   r o t a t i o n  
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or s l i d i n g  mot ion   resu l ted   in  a low set o f   f r i c t i o n   v a l u e s .  This s t r o n g l y  . 

s u g g e s t s   t h a t  some form  of   s l ider   bear ing   ac t ion  i s  ope ra t ive   he re ,  where t h e  

presence of a chamfered or t a p e r e d   l i p  i s  necessa ry   t o   a l l ow  the   wa te r  f i lm t o  

form  under  the  leading  edge  of  the  sample.  When no   such   tapered   l ip  i s  p re sen t ,  

the   l ead ing   edge  may t e n d   t o  wipe t h e   s u r f a c e   d r y   c a u s i n g  a much h i g h e r   f r i c t i o n  

va l u e  . 
In   ne i the r   ca se  was a v i s ib l e   depos i t   o f   rubbe r  l e f t  on t h e  t e s t  d i s c  

a f t e r   f r i c t i o n   t e s t i n g .  

I n   s e a r c h i n g   f o r  a means of   e l imina t ing   the  low f r ic t ion   o f   rever ted   rub-  

ber ,   s l i t t ing ,   s ip ing   and   o ther   sur face   geometry   changes   were   inves t iga ted .  

Figure 18 shows the   e f f ec t   o f   i nc reas ing  numbers of s l i t s  on t h e   f r i c t i o n  of 

round   na tu ra l   rubbe r   s amples   t r ea t ed   a t   600"~ .  The s l i t t i n g   e f f e c t s   a r e  shown 

f o r   b o t h  smooth  and  rough g lass   sur faces .   In   addi t ion ,   var ious   spec imen geome- 

t r i e s  were  run on smooth g l a s s   i n   an   a t t empt   t o   de t e rmine   t he   e f f ec t   o f   t he  

length  and  shape  of  the  leading  edge on t h e   f r i c t i o n   o f   t r e a t e d   m b b e r .  How- 

ever ,  no marked effects  of  specimen  geometry  were  observed. 

Untreated  natural   rubber  samples  running on smooth g l a s s  show  some va r i a -  

t i o n   i n   f r i c t i o n   c h a r a c t e r i s t i c s .   R e p r o d u c i b i l i t y  i s  not   too  good.   Tests   to  

determine  the  effect   of  sanding  and  scraping  the  samples  were  run on smooth 

g l a s s .  These a re   p r imar i ly   t es t s   o f   sur face   c leanl iness   and   roughness .  The 

r e s u l t s   o f  two o f   t h e s e   t e s t s   a r e  shown i n   F i g u r e s  19 and 20. 

The e f f e c t   o f   c o n t a c t   p r e s s u r e  on f r i c t i o n   d r a g   f o r   u n t r e a t e d  and t r e a t e d  

na tu ra l   rubbe r  i s  shown i n   F i g u r e  21. The e f f e c t   o f   t h e   t h r e e   t e s t . s u r f a c e s  

on these   curves  i s  a l s o  shown t h e r e .  



The same type o f  tes ts  were r u n   w i t h   v e l o c i t y   a s   t h e   c o n t r o l l e d   v a r i a b l e .  

F igure  22 shows f r i c t ion   va r i a t ion   w i th   speed   fo r   squa re   na tu ra l   rubbe r   s amples  

on  smooth  aluminum.  Figures 23 and 24 show t h e  added e f f e c t   o f   l u b r i c a n t   v i s c o -  

s i t y  on t h e   v e l o c i t y - f r i c t i o n   c u r v e s .   F r i c t i o n   v a r i a t i o n   w i t h   v e l o c i t y  i s  

shown f o r  two lubricants   with  round  natural   rubber   samples  on smooth  and  rough 

g lass .   F igure  25 shows how the   genera l   ve loc i ty- f r ic t ion   curve   changes   shape  

wi th   d i f f e rences   i n   no rma l   p re s su re .   Th i s   t e s t  was run on rough  glass  with 

t rea ted   na tura l   rubber   samples .  

Conven t iona l   f r i c t ion   t e s t s   were   run   w i th   va ry ing   l ub r i can t   v i scos i ty .  

The r e s u l t s   a r e  shown in   F igu res  26 and 27. The natural   rubber   samples  were 

run on smooth and  rough  glass   with  s tandard  pressure  of  201 p s i  and  standard 

ve loc i ty   o f  17.9 mph. 

Because a charac te r i s t ic   o f   rever ted   rubber  i s  the  hydrophobic  nature  of 

t h e   s u r f a c e ,   d i f f e r e n t   l u b r i c a n t   t e s t s   w e r e   r u n  on sm:,oth aluminum to   de t e rmine  

i f  surface  tension  had  any  effect  on t r e a t e d   r u b b e r   f r i c t i o n .  C o n t s r t  Tingle 

measurements  were  taken  for  each  treatment  temperature  applied  to  the  rubber 

specimen  and  correlated  with  f r ic t ion  values   obtain- :   for   the same t reatment  

tempera ture .   Because   o f   the   d i f f icu l ty  i n  ge t t i ng   accu ra t e  measurements o f  

contact   angle ,  no cons is ten t   cor re la t ion   be tween  contac t   angle   and   f r i . z t ion  

could  be  found.  Reducing  surface  tension of the   lubr icant   had  no apparent 

e f f e c t  on t h e   f r i c t i o n   o f   e i t h e r   t r e a t e d  or unt rea ted   rubber .  Kodak Photo-flo,  

Cascade  dishwasher  detergent  and  Tide  detergent  solutions  were  used  to  signif-  

i can t ly   l ower   t he   su r f ace   t ens ion   o f   t he   wa te r   l ub r i can t   w i th  no s i g n i f i c a n t  

e f f e c t  on f r i c t i o n   d r a g .  

18 



From the  nature   of   the   experimental   data   which  has   been  presented,  it may 

be   s een   t ha t   by   f a r   t he  most important  single  conclusion  which may be drawn i s  

tha t   su r f ace   t empera tu res   o f  450" t o  6OO"F a p p l i e d   t o  a natural   rubber  sample 

w i l l  g r ea t ly   r educe  i t s  subsequen t   f r i c t ion   coe f f i c i en t  on a smooth  wet su r face .  

Other   fac tors  may modify the   numer i ca l   f r i c t ion   va lues ,   bu t   t he   bas i c   i n f luence  

of  the  rubber  which  has  been  heat-reverted  remains.   Evidence seems t o  b e   t h a t  

some sort of   l i qu id  f i l m  bea r ing  i s  ope ra t ive   he re ,   s ince   t he  low f r i c t i o n   v a l -  

ues  of  reverted  rubber  occur a t  room temperature   in   the  absence  of   heat  o r  

steam, seem t o   b e  most p reva len t  when geometric  conditions  favor  formation  of 

a water wedge under  the  leading  edge,  and  agree  in  magnitude  with  hydrodynamic 

bear ing  theory.  

F i n a l l y ,   t h e   a v e r a g e   f r i c t i o n   c o e f f i c i e n t s  and  average  deviations  taken 

from t h e   t e s t   d a t a   a r e  summarized in   Table  11. 



TABLE I1 

DMG AVEBAGES AND DEVIATIONS FOR FRICTION SPECIMENS 

Rubber: BlO7-lT ~ 1 0 8 - 1 ~  B109-1T B111-1T BlO7-lT BlO7-lT ~ 1 0 7 - 1 ~  B109-1T 
Geometry: square  square  square  square  round round round round 
Surface: aluminum aluminum  aluminum  aluminum  aluminum smooth rough rough 

glass glass  KlaS S 

I n i t i a l  f o  (avg) .129 . log .097 -053 ,034 -072 .240 .210 
Avg deviation .008 .oog . o n  .007 .008 .016 .010 .002 

6% 8% 11% 13% 23% 23% 4% 1% 

10 min fi (avg ) .loo .082 p064 .029 .023 .05l .224 .196 
Avg deviation .011 .007 .012 .006 .005 ,010 .008 .003 

11% 9% 19% 2 1% 20% 3% 1% 

No. of samples 
t e s t ed  17 15 15 16 5 7 15 3 

I n i t i a l  f (avg 
Avg deviation 

10 min f  (avg 
Avg deviation 

high low low 
value value value 

) .011 .008 .033 .010 .016 .024 .222 .lo2 ,109 
.005 .001 .007 .004 .oog ,009 
45% 10% 46% 1% 4% 9% 

1 ,010 .007 .011 ' 0 9  .010 .01g .201 . O W  ,094 
.004 .002 .003 .003 .oog ,009 

18% 28% 17% 5$ 10% 39% 

No. of  samples 
t e s t ed  2 1 1 2 5 7 3 5 1 

f = f r i c t ion   coe f f i c i en t .  



V. HYDRODYNAMIC BEARING THEORY ANALYSIS 

Hydrodynamic b e a r i n g t h e o r y c a n b e u s e d t o p r e d i c t t h e  fo rces   a s soc ia t edwi th  

pure  viscous  drag.  (Ref.  3 ) .  Assumptions  of  laminar  flow  of a Newtonian f l u i d  

between a f l a t  smooth surface  and a f l a t  smooth b e a r i n g   a t  a moderat@  angle  of 

a t t a c k   a r e   u s e d   i n   t h i s   a n a l y s i s .  

The t o t a l   d r a g  on t h e   b e a r i n g  i s  given  by 

where b = width  of   bear ing 

I = l ength  of bea r ing  

P = average   p ressure  av 

V = v e l o c i t y  o f  s l i d i n g  

p = abso lu te   v i scos i ty   o f   l ub r i ca t ing  f i l m  

F = t o t a l  v i scous  and  pressure  drag 
r' 

K = i i inlcnsior11e.c~ factor  determined  by  the  geometry  of  the  contact  area 
P 
T I  = iiiaie~!sio~lless f ' a c t o r   t o   c o r r e c t   f o r   f l u i d   o u t f l o w  from t h e   s i d e s  of  

t he   bea r ing  

= dimensionless   factor   determined  by  the  geometry  of   the  contact   patch 

The f a c t o r s  K and K a re   abbrevia t ions   for   formulas   which   a re   der ived  
P f r  

armlyt ica l ly   bx t   which   requi re   cons iderable   ca lcu la t ion .  The f a c t o r  q i s  a 

semi-empirical .   ccrrection *Jsed t o  correlate   three  d . imensiona1  bear ings  with two 

dimensional   theory.  

Some o f  the  geometry  must  be  assumed.  Referring t o  Figure 28 we  may de f ine  

111 

h0 P f r '  
In' = - - 1. T h f s  quan t i ty  must  be  assumed i n  o rder  t o  determine K and K 

21 



Figure 28. Sl ider   bear ing  geometry.  

The water  f i l m  th ickness  i s  h a t   t h e   e n t r a n c e  or leading  edge  and h a t  t h e  

t r a i l i n g  edge. The values  m '  = 1, h = 2h a r e   t a k e n   b y   F u l l e r   t o   b e  a repre-  
1 0 

sen ta t ive   va lue  and i s  used  in  many o f  t h e   c a l c u l a t i o n s  which  follow. 

1 0 

The f i l m  th ickness  may be   found  us ing   the   express ion  

Some rep resen ta t ive   va lues   a r e  

b = 1 = 1/4" = 1/48' b / l  = 1; 7\ = 0.440 

p = 2 x l b s e c / f t  2 

v = 26.2  f t /sec 

P = 202 l b / i n .  2 
av 

m' = 1 
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We then  have 

ho = 5.15 x 10 f t  = 61.8 x 10 i n .  -6 -6 

This   y i e lds   an   ang le   o f   a t t ack  of approximately 

hl - ho 
= .00024  radians P 

By t r e a t i n g  one of the   parameters   as   var iab le   and   ho ld ing   o thers   f ixed  

a t   t h e   r e p r e s e n t a t i v e   v a l u e s ,  w e  a r r i v e   a t   t h e   r e l a t i o n s  

F = 24.2 x 10 P (F = l b ,  P = p s i )  - 4  - 
R av  av 

F = .OO668V ( F  = l b ,  V = f t / s e c )  r 

These   r e l a t ions   g ive   t he   t heo re t i ca l   cu rves   fo r   d rag  of  square  bearings 

a s  shown in   F igures   21 ,  22,  24,  26, and 27. 

Although  the  geometric  factors may change when hydrodynamic  bearing  theory 

i s  a p p l i e d   t o  round  bearings,  the  dependence of drag on v i s c o s i t y ,   v e l o c i t y ,  

and  normal  pressure  should  be  the same.  Thus, the  curves  may b e   s h i f t e d   i n  

magnitude,  but  the  general   shapes  should  remain  the same as   t hose   fo r   squa re  

bear ings .  



V I .  CONCLUSIONS 

One o f   t h e  problems w i t h   f r i c t i o n  measurements i s  r e p r o d u c i b i l i t y .   I n  

t h e   p r e s e n t  t es t s  r e p r o d u c i b i l i t y  was quite  good.  Table I1 g i v e s   t h e   f r i c t i o n  

da ta ,   wi th   averages   and   s tandard   devia t ions ,   for   un t rea ted   rubber   and   rubber  

t r e a t e d   a t   6 0 0 " ~ .  The p rob lem  o f   f r i c t ion   s ca t t e r   o f   un t r ea t ed   rubbe r  on smooth 

g l a s s   can   be   a t t r i bu ted   t o   s l i gh t   geomet ry   d i f f e rences   i n   t he   l ead ing   edge  of 

various  samples.   This becomes important when t h e   a s p e r i t y   h e i g h t  i s  reduced 

t o  a very  small   value,   as  on smooth g lass .   F igures  19 and 20 show how s l i g h t  

sanding  of  the  rubber  sample  changed i t s  f r i c t i o n   c o e f f i c i e n t .  The f r i c t i o n  

drag   va lues   exhib i ted  much l e s s   s c a t t e r   a f t e r   s a n d i n g ,   a s  mentioned in   Re f .  4 .  

From t h e  r o u g h   g l a s s   t e s t s ,  it was found  tha t   the   s l igh t   sanding   caused   the  

da ta   to   fa l l   c loser   toge ther   than   s imply   running   the   samples   as   cu t ,   as   ev i -  

denced  by  the  small   deviat ion  values  i n  Table 11. The problem  did  not   ar ise  

when u s i n g   t h e  aluminum disc   because   the   square   samples   t es ted  on t h e  aluminum 

were a l l   f r o z e n  and   mi l led   to   g ive  a more uniform  surt 'ace. I n  add i t ion ,  t h e  

aluminum d i s c  was a t   l e a s t  10 times  rougher  than  the smooth g l a s s ,  where sam- 

p l e s  must be   sanded   in   o rder   to   ge t   any   k ind  o f  rep 'oducibi l i ty .  

In   success ive   t e s t s   o f   t he  same sample,   drag  values   agreed  to   within 3-5%. 

The o r i g i n a l  t e s t  was run ,   e i t he r   t r ea t ed   o r   un t r ea t ed ,   fo l lowed  by a time  de- 

lay   o f  16-48 hours  and a r e t e s t i n g   u n d e r   t h e  same c o n d i t i o n s   a s   t h e   o r i g i n a l .  

The r e s u l t i n g   s m a l l   s c a t t e r   o f   f r i c t i o n   v a l u e s   r e f l s c t e d   t h e   p r e c i s i o n   o f   t h e  

apparatus  and showed t h a t  most o f   t h e   f r i c t i o n   s c a t t e r  was due t o   s l i g h t   v a r i a -  

t ion  in   individual   sample  geometry  and  surface  condi t ions,  



I From Figures  8 through 14  it i s  apparent   tha t   any   t rea tment   t empera ture  

I 

I 
above a c r i t i c a l   v a l u e   h a s  a l a r g e   e f f e c t  on f r i c t i o n .  All eight   rubber  com- 

pos i t i ons   t e s t ed   have  a drop i n   f r i c t i o n  when s u b j e c t e d   t o   t e m p e r a t u r e   t r e a t -  

ments  above t h e  450"F-500°F  range. The square  samples on t h e  aluminum d i s c   a s  

shown i n  Figures  8 through 14, show a minimum f r i c t i o n   a f t e r  a 57O0F-60O0F 

I 
1 

temperature   t reatment .   Figure 15 shows t h a t   t h i s   d r a s t i c   f r i c t i o n   d r o p   a l s o  

occurs  with  round  samples on  aluminum  and  smooth g l a s s .  

The round  samples on rough  glass  gave  two  different sets o f  f r i c t i o n   r e a d -  

i n g s ,   a s  shown i n   F i g u r e s  16 and 17, depending on how the   t rea tment   b lock  was 

pressed   aga ins t   the   rubber .  The s t ra ight-on,   uniform  pressure  t reatment   gave 

h igh   f r i c t ion   va lues ,   c lo se   t o   t hose   g iven   by   t he   un t r ea t ed   s amples .  These 

h i g h   f r i c t i o n   v a l u e s  can be  explained  by  the  condition  of  the  leading  edge, 

s ince  microscopic   inspect ion of t he   s amples   a f t e r   t e s t ing   r evea led   t ha t   t he  

leading  edge  had worn o f f   a t   a p p r o x i m a t e l y  a 45" angle .  

Treatment a t  un i fo rm  p re s su re   l eaves   on ly   t he   f l a t  t e s t  su r face  of t h e  Sam- 

p l e  exposed t o   t h e   t r e a t m e n t   b l o c k .  Because t h e  200 p s i  normal  pressure and 

17.9 mph speed on rough  glass   gives  a l a r g e   d r a g   f o r c e ,   d i s t o r t i o n  of t h e  sam- 

p l e   d u r i n g   t h e   r u n  i s  g rea t  enough t o   b r i n g   t h e   u n t r e a t e d   l e a d i n g   e d g e  into con- 

tac t   wi th   the   g lass .   This   un t rea ted   edge ,   which  i s  s t ronger   and  harder   than  the 

s o f t ,   p l i a b l e   t r e a t e d   p a t c h ,  i s  an  effect ive  wiper .   This   wiping  act ion of t h e  

lead ing   edge   e f fec t ive ly   reduces   the  f i l m  th ickness   o f   the   lubr icant   under   the  
- 

I 
whole  contact  patch.  If the   t rea tment   b lock  i s  moved and t i l t e d   d u r i n g   t r e a t -  

ment, t h e   l e a d i n g  edge i s  exposed t o   t h e   h i g h   t e m p e r a t u r e   b l o c k .   D i s t o r t i o n  

d u r i n g   t e s t i n g   o n l y   r e s u l t s   i n  more t rea ted   rubber   ac t ing   as   the   l ead ing   edge .  



This   so f t ,   p l i ab le   l ead ing   edge  i s  not  a s  e f f e c t i v e  a w ipe r   a s   t he   un t r ea t ed  

rubber,  and a t h i c k e r   l u b r i c a n t  film might   be   p resent   in   the   contac t   pa tch .  

The two values  of f r i c t ion   coe f f i c i en t   a r e   no t   obse rved  on smooth g l a s s  

because  of  the much sma l l e r   a spe r i ty   he igh t .  Any temperature  treatment,  whether 

or not it a f fec t s   t he   l ead ing   edge ,  would  expose  ehough of t h i s   l e a d i n g  edge t o  

the   h igh   t empera tu re   t o   a s su re  a s o f t   p l i a b l e  edge d u r i n g   t e s t i n g .  The smaller  

asperity  height  and  subsequent  lower  drag would not   cause   ex tens ive   d i s tor t ion  

d u r i n g   t e s t i n g .  Thus much less of  the  leading  edge  would come in to   con tac t  

w i t h   t h e   s m a l l e r   a s p e r i t i e s   d u r i n g   t h i s   d i s t o r t i o n .  The s m a l l e r   a s p e r i t i e s   a l s o  

r e q u i r e  a t h i n n e r   l a y e r   o f   s o f t ,   p l i a b l e   t r e a t e d   r u b b e r   t o   p r o v i d e   t h e  low l o c a l  

c o n t a c t   p r e s s u r e s   o v e r   t h e   a s p e r i t y   t i p s .  A g r e a t e r   l u b r i c a n t  film th ickness  

may thus  be  maintained.  Such a l ine  of   reasoning  has   previously  been  advanced 

by  both  Saal  and  Grosch  and Maycock . 5 6 

The ef fec t   o f   t empera ture   t rea tment  on p res su re - f r i c t ion   cu rves  i s  s e e n   i n  

Figure 21 f o r   t h e  three  disc su r faces .  The lov  f r i c t i o n   c o e f f i c i e n t s   f o r   t h e  

aluminum d i s c  seem t o  approach  hydrodynamic  bearing  theory much b e t t e r   t h a n   t h e  

cu rves   fo r   t he   g l a s s   su r f aces .   Because   t he  smooth g l a s s  i s  t h e   f l a t e s t   a n d  

smoothest,  one  might  expect i t s  f r i c t i o n   c u r v e s   t o  best approach  bearing  theory.  

One exp lana t ion   fo r   t he  low f r i c t i o n   v a l u e s   o f   t h e  aluminum d i s c  i s  based on 

the   ve ry   s l i gh t   g roove  worn i n   t h e  aluminum due t o   r e p e a t e d   t e s t i n g .  The groove 

i s  less than  0.005 in. deep,  and i s  smoothest i n   t h e   d i r e c t i o n  of t r a v e l ,   i n d i -  

c a t i n g   t h a t   p o l i s h i n g   o c c u r r e d .   S i n c e   t h i s   g r o o v e  is  deeper   than   the   l iqu id  

film thickness   under   the  sample  predicted  by  bear ing  theory,   the   groove  could 

reduce  lubricant   f low  out  the s ides   of   the   contact   patch.   This   could  modify 
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the  geometry  of  flow  and  cause  a more e f f e c t i v e   b e a r i n g   t o   e x i s t   t h a n   p r e d i c t e d  

by  simple  conventional  bearing  theory.  

The veloci ty   vs .   drag  curves   of   Figures  22 through 25 show t h e   e f f e c t  of 

normal   p ressure ,   v i scos i ty   and   d i sc   sur face  on  sample f r i c t i o n .  A t  low ve loc i ty ,  

high  pressure  and  with  water  as a lubricant   the  experimental   curve i s  much 

higher   than  the  predict ions  of   bear ing  theory.  A s  t h e   p r e d i c t e d  film under   the 

con tac t   pa t ch   ge t s   t h i cke r ,  due t o   l o v e r   p r e s s u r e  o r  h igher   v i scos i ty ,   the   ex-  

per imenta l   and   ca lcu la ted   f r ic t ion   curves  come c loser   toge ther .  

The l i m i t a t i o n s  on the  veloci t ies   which  can  be  obtained  are   mainly  asso-  

c i a t ed   w i th   d i sc   speed ,   s ince   s t r e s ses   i n   t he   g l a s s  or aluminum f r i c t i o n   p l a t e s  

limit t h e   a v a i l a b l e   s l i d i n g   s p e e d s .   I n   a d d i t i o n ,   o n l y  a l i m i t e d   v a r i a t i o n   i n  

l u b r i c a n t   v i s c o s i t y  i s  at ta inable   with  mixtures   of   glycer ine  and  water   as   used 

here .  

Figures  26  and  27 show t h a t   h i g h e r   v i s c o s i t y   l u b r i c a n t s  on smooth g l a s s  

increase   d rag ,   whi le  on rough  glass   they  decrease  drag.   This   difference  can 

be  explained i n  terms of t h e   l a r g e   d i f f e r e n c e   i n   t h e   a s p e r i t y   h e i g h t   o f   t h e  two 

su r faces .  On smooth glass,   which  approaches  the  bearing  theory  approximation 

of  a f l a t  smooth  surface,   the  drag would be   mos t ly   the   v i scous   d rag   of   the  

l i q u i d  f i l m .  The more viscous  lubricants  between  bearing  and  surface would 

have  greater   drag.  On rough  glass ,  whose a spe r i t i e s   canno t   be   t aken   i n to  

account i n  bear ing   theory ,   the  more v i s c o u s   f l u i d  would t e n d   t o   h i d e   t h e   a s p e r -  

i t i e s ,  and to   e l imina te   the   mechanica l   in te rac t ion   be tween  the   asper i ty   t ips  

and the  rubber   surface  (Refs .  5 ,  6, 7).  Then the   h ighe r   t he   v i scos i ty   o f   t he  

l u b r i c a n t ,   t h e   l o v e r   t h e   d r a g   u n t i l   s u c h   t i m e   a s   t h e   v i s c o u s   d r a g  i s  g r e a t e r  



t han  the mechan ica l   d rag   and   t he   t o t a l   d rag   s t a r t s   i nc reas ing .  

If one  qual i ta t ively  incorporates   the  mechanical   and  geometr ic   propert ies  

o f   b o t h   s o l i d   s u r f a c e s   i n t o  a viscous  drag  bearing  theory,   one  can  give  an  ex- 

p l a n a t i o n   f o r   t h e  low f r i c t i o n   o f   r e v e r t e d   r u b b e r .   S a a l   o r i g i n a l l y  worked i n  5 

t h i s   a r e a   i n  1935 wi th   appa ra tus   ve ry   s imi l a r   t o   t he   one   u sed   i n   t hese   expe r i -  

ments.  Saal  assumed a hard  smooth rubber   sur face   and   qua l i ta t ive ly   inc luded  

lubricant   and pavement p r o p e r t i e s .  Gough and  Badger7  mention  rubber  tread  pat- 

t e rns ,   bu t   neglec t   the   rubber   mechanica l   p roper t ies .   Exper imenta l ly ,   the   e f fec t  

of bo th   sur faces  i s  shown on t h e   p r e s s u r e ,   v e l o c i t y   a n d   v i s c o s i t y   v s .   d r a g  

curves  of   Figures   21through 27. The e f f e c t   o f   t h e  pavement su r face  i s  shown 

by t h e   d i f f e r e n t   c u r v e s   f o r   t h e   t h r e e   d i s c   s u r f a c e s ,   w h i l e   t h e   e f f e c t  o f  t h e  

rubber   sur face  i s  shown i n   t h e   d i f f e r e n t   r e s u l t s  for untreated  and  t reated  rub-  

b e r .  A s  Saa l   po in t ed   ou t ,  i f  b o t h   s u r f a c e s   a r e   f l a t   a n d   p e r f e c t l y  smooth bear-  

i ng   t heo ry   p red ic t s   on ly   v i scous   d rag .  If t h e  pavement s u r f a c e   h a s   a s p e r i t i e s  

wh ich   p rov ide   h igh   l oca l   con tac t   p re s su res   a t   t he i r   t i p s ,   t hen  some kind of 

d i rec t   mechanica l   f r ic t ion   i s   involved .   Bevi lacqua   and   Percarp io   ca l l   th i s  
4 

mechanica l   f r ic t ion   abras ion .  The mechanical f r i c t i m  on a rough  surface i s  

much l a rge r   t han   v i scous   d rag ,   e spec ia l ly  if the   rubber   sur face  i s  hard  and no t  

e a s i l y  deformed. However, i f  t he   rubbe r   su r f ace  i s  s o f t  and p l i a b l e ,   t h e n   t h e  

rubber   can  deform  easi ly   around  the  asper i t ies ,   lower   the  local ized  contact  

pressure  and  e l iminate  some o f   t h e   d i r e c t   m e c h a n i c a l   f r i c t i o n .  If t h e   a s p e r -  

i t i e s   a r e   s m a l l  enough, the   rever ted   rubber   deep  enough or t h e   l u b r i c a n t   v i s -  

cous  enough, t hen   v i scous   d rag   p reva i l s .  Thus, f z r  a g iven   d i sc   su r f ace ,   so f t  

p l iab le   t rea ted   rubber   p romotes  low viscous  hydroplaning  f r ic t ion  whereas   hard 
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untreated  rubber  promotes some kind  of   mechanical   f r ic t ion  which  dominates   the 

viscous  drag.  

Because the rever ted   rubber  was t e s t e d   a t  room temperature w i t h  cool   water ,  

and  because  the  differences  between  normal  and  revfsrt .ed  rubber  fr iction  exist  

down t o  l o w  speeds  and  pressures, it i s  b e l i e v e d   t h a t   t h e  low obse rved   f r i c t ion  

i s  not  due t o  steam  formed in   t he   con tac t   pa t ch .  Not having enough experience 

i n  " revers ion"   acc idents   to   a rgue   aga ins t   the   p resence   o f   s team  dur ing   the  

sk ids ,  it can  only  be  noted  that   the   extremely low f r ic t ion   va lues   o f   rev .e r ted  

rubber   found  in   the   l abora tory   exper iments   ex is ted   wi thmt   s team.  Thus, it i s  

believed  steam may be a r e s u l t  of t he   sk ids   bu t  i s  not   the   cause   o f  low f r i c t i o n  

of "reverted"  rubber .  

S ince   the   water  on a i r p o r t  runways  can  only  be  control.led  within  rougk l i n l -  

i t s ,  any   so lu t ion   t o   t he   r eve r s ion   p rob lem  p robab ly   l i e s  j.n t h e   c o n t r o l l i n g   t h e  

two su r faces .  However, viscous  mixtures of water,   dust   and o i l  depos i t s  which 

may appear on a runway d u r i n g   t h e   i n i t i a l   m i n u t e s  o f  a Light ra inf2l . l   fol lowing 

a prolonged  dry  period may increase  t h e  p r o b a b i l i t y  v f  viscous  hydroplaning. 

Occasional  cleaning  of runways i n   d r y   a r e a s  may prcvelit. th is   formation of v i s -  

cous  lubricant   mixtures .  The rubber   surface  can  be c:rJntroll.ed i n  two posr i b l e  

ways-Compounding o f  the  tread  rubber  and  changing  tread  geometry w i t h  z ipes  

and  grooves.  Since a l l  e igh t   types  of rubber t,est-,ed exhib i ted  low f ' ~ , i c t i o n   i n  

t h e   r e v e r t e d   s t a t e ,   r u b b e r  compounding  seems t o   o f f e r   s l i g h t  chance  of  prevent- 

i n g   t h e  low f r i c t ion   o f   ' ' r eve r t ed ' '   r ubbe r .   S ip ing  and  grooving,  although pos- 

s i b l y   g i v i n g  a f r i c t i o n   i n c r e a s e   o v e r   t h e  smooth rubber  surface,   might  be  top 

c o s t l y   i n  terms of  t i r e  wear or tread  chunking problems. 



Contro l   o f  the runway su r face  i s  probably the best way t o   e l i m i n a t e   t h e  

low f r i c t i o n  of "reverted"  rubber.   Unpolished  clean runways  can  supply  asper- 

i t i e s  l a r g e  enough and  sharp  enough t o   c a n c e l  the  e f f e c t  of t h e   s o f t ,   p l i a b l e  

rubber   sur face .  Runway gooving ,   recent ly   t es ted   by  NASA and now i n   l i m i t e d  

t e s t  use  for prevent ing  hydroplaning,   could  reduce or e l i m i n a t e   t h e  low f r i c -  

t i o n  of ' ' reverted"  rubber on a i r c r a f t   t i r e s .  The groove  edges  could  provide  the 

l a rge   l oca l   con tac t   p re s su res   needed   t o   b reak   t h rough  a l i q u i d  f i l m  t o   t h e  "re- 

ve r t ed"   rubbe r ,   and   t o   r e s to re   no rma l   f r i c t ion   fo rces .  
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EXPLANATION FOR FIGURES 8-17’ 

Fr i c t ion   Coef f i c i en t  f vs. Treatment  Temperature 

Samples 1/4 i n .  x 1/4 i n .   s q u a r e ,  9 /32  i n .  d i a .   r o u ~ ? d  

Load: 12.7 l b .  

Mean Contact  Patch  Pressure:  203 p s i  

Veloci ty:  17.9 mph = 26.2 f t / s e c  

Lubricant:  Water 

Sur faces :  Aluminum-aluminum oxide,  rough  and  smooth  glass 

Ambient Temperature: 75-80°F 

Legend: QV Reading  taken 0-5 s e c   a f t e r  touchdown. 

00 Reading  taken 10 min a f t e r  touchdown. 
This   c lose ly   approximates   an   equi l ibr ium  f r ic t ion   coef f ic ien t   va lue .  

Untreated room tempera ture   da ta   po in ts   represent   an   average   o f  several trials. 

This da ta  i s  shown a t   t h e  80°F p o s i t i o n .  
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